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Outline of Talk

• Introduction / Motivation

• Mechanical Heart Assist Devices

Computational Issues and Requirements
Pulsatile Device

Axial Flow Pump

• Computational Technology for Rocket Pump
Flow Solver Development
Flow Simulation Procedure for Rocket Pump

• Computational Approach for VAD Development
CFD Applications to Blood Pump Design

• Summary and Discussion

Mechanical Assist Devices

• Motivation

- Over 5 million Americans and 20 million people worldwide suffer
from Congestive Heart Failure (CHF)

- CHF patients are still treated with drug therapy,
however, at late stage heart transplantation is traditionally
the only treatment hope
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MechanicalAssistDevices

• Motivation

- Need for assist devices is very high

Need : 25,000-60,000 / YR
Donor heartl available ; 2,000-2,_300 / YR
(e.g. more than 4,000 patients were on the waiting list in 1999)

- Need to find right match

Heart pump or VAD, for ventricular assist device, is being used
as a temporary support to sick ventricle

"BRIDGE-TO-TRAN._PLANT"

Mechanical Assist Devices

• Motivation

- VAD vs Drug treatment,

rec_nt study eugge_t=that

• Survival rare for VAD patients vl for patiente re_iving _ tre_tn_nt

Alctcr l_._zr _2 _ _ 24.7_(italJodel_ndtontl_methodtanddru_ummd)

After 2 years 22.9 %vs 8.1%

• Somepatents who stayed In ICU be._uee of shaft of breath _n walk a
block after 1 year auleted by VAD



Mechanical Assist Devices

• Motivation

- VAD vs Drug treatment

• However, complicationrate for VAD is 2.35 times higher than that
for drugs

Complications include infectlons, bleeding, and mechanicalmalfunctions
like motor failure, deformed tube and wornbearing=

= De=ign improvement_are needed to lower the risk,
and poss_ly to u_eit a8 a pern_nent therapy (long-term device)

"BRIDGE-TO-RECOVERY"

Mechanical Heart-Assist Devices

• Heart Valves

• Ventricular Assist Device (VAD)

Pulsatlle Pump
- Piston Driven : Low speed, Bulky
- Pneumatically Driven • Need external support equipment

Rotary Pump

- Axial Flow Pump : High speed, 5mall

==_DeBokey VAD is bo_d on this concept

• Total Artificial Heart
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ABT.OMED A_flclal Hem-t

I_ VAD

•Tcrvik 2000

Ventricular Assist Device

• Requirement_

- Simplicity and Reliability

- 5mallsize for ease of implantation

- Supply5 liter/rain of blood against 100 mmHg pressure

- High pumping efficiency to minimize power requirements

- Minimum Hemolysis and Thrombus Formation
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Computational Issues

• Geometry / grid definition
Moving boundary

• Solver
Time accurate solver

• Physical modeling
Newfonian vs non-Newtonian
Turbulence

• Experimental & clinical data

Solver: Viscous Incompressible Flow

t Formulation

Can be viewed as a limiting case of compressible flow where the flow
speed is insi9nificant compared to the speed of sound (Preconditioned
compressible N-5 eq.)
=> Artificial compressibility approach

- AFttfic_al C.ompre_dblllty Method (Onefin, 1967)
IN53D family of code_
Merkle et. al

.... many mare

Or truly incompressible
=_ Pre4_ure proje_l'ien approach

- MAC (Horlow and Welch, 1965)

- Frectlonol Step Method (Cl_ofln, 1968: Yanencko, 197:_ Marchuck, 1975_..)
- SIMPLE type _ Iteration (Caretto et el,, 1972; Patenko & _aaldlng, 1972...)

=_ UIe deri_d variable=

- Vortlcity-Veloctty (Fasel, 1976: Dennis et eL, 1979: Hafez et el., 1988

- Stremm function-vortlctty
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Artificial Compressibility Method

• Formulation

- Introduces hyperbolic behavior into pressure field,

Speed of pressure wave depend8 on the a_ifi©ial compret_ibility parameter, 13.

- The equations are to be marched in a time like fashion until the
divergence of velocity converges to zero.

Relaxes incompressibility requirement.

Time variable during thl= proce.u dee_ net repruent physical time step.

For time-accurate solutions

- Iterate the equations in pseudo-time level for each time step until

incompressibility condition is satisfied.

=_ Efficient sub-iteration is the key for success

_=_,_ P,rtificial Compressibility Method (IN53D-UP)

$ Time accuracy i= achieved by subiteration

- Di=cretl=e the time term in momentum equatione ueing _r.cond-erder

threelpoint backward-difference formula

- Introduce a pee_ime laval (_6rtificlal eompre._ibility,

- Iterate the. equatione in peeudo-time for ea©h time en'ep until

incompre4eibllity cw}ndltlan i_ sathrfiad.

-_Co..... -p"")=-k "_'*

1.5 .... _" - 4e"+q-'
_-(e - e ") - _r/_) _'' -

• Code I_Fformance 2_t

- Computing time • EW3-120 me/grid point/iteration (on C90 =ingle ©pu)

- Memory u_age: Lira-relaxation 45 worde/grid point

GMRES-ILU(O) 220 v_rds/grid point
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_. Pressure Projection Method(INS3D-F5)

• Approach in generalized coordinates

- Finite volume discretization

- Accurate treatment of geometric quantities

- Dependent variables - pressure and volume fluxes

- Implicit time integration

- Fractional step procedure
Solve auxiliary velocity field first,
then enforce incompressibility condition by solvin9 a Poisson

equation for pressure,

• Codeperformance
- Computing time : 80 n_/grid point/iteration (on C90 single cpu)
- Memory u_age:70 worde/grid point

Pressure Projection Method

• Fractional-step

- 5o/ve for the auxiliary velocity field, using implicit predictor step:

! .

_-(u, - u;) = -vp" + h(u')

- The velocity field at time level (n+l) is obtained by usin9 a
correction step:

2

(u?'-u;)=-vp"+h(uy)-Vp"+h( )
The incompressibility condition is enforced by using a Poisson equation
for pressure( )

p'. p-' _p.

2

V'p' = _-_V .u'



History of IN53D Development

• Code

1982-1987 Original version
(K:_k, C,,u_)

1988-1997 IN.S3D-UP

(l_gert , K]rit, Kv_k)

INS3DILU

C/oon, _:wak)
IN53D-FS

(Roemnfsld,Kiris. Kwak)

1998-Parallel version

(Klrit, Kwk)

DeBokcy/NASA
VA_, 1998

Ad_=noedeec31_
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_h Computational Methods Developed for
Space Shuttle Main Engine Redesign / Advanced Engine

TURBOPUMP IN SSME

POWERHEAD

Inlet Gtl/de
V_ml

Current Challenc3es

Challenges where improvements are needed
- Time-integration scheme, convergence
- Moving grid system, zonal connectivity
- Parallel coding and scalability

• As the computing resources changed to parallel and distributed
platforms, computer science aspects become important such as
- 5c_lability (algorithmic & implementation)
- Portability, transparent coding etc.

• Computing resources
- "Grid" computing will provide new computing resources for

problem solving environment
High-fidelity flow analysis is likely to be performed using "super
node" which is largely based on parallel architecture
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Paraliei Implemen_a*ion of INS3D

• IN53D-MPI
(coarse grain)
T. Faulkner & J. Daclea

• INS3D-MPI / Open MP
MPI (coor_ grain)+ OpenMP(fine grain)
Implemented utingCAPO/CAFT tools
H. Jin & C. KJrqt

Oroup 1 Oroup 2 Group N

Group t ..... Group N

c4m _r_ cumln_ _._

• INS3D-NCP
C, I(iris o o ooo

CommonJ _a

Validation-55ME Turbopump Flow Analysis

• S3ME HPFTP 1!' Impeller
Shrouded Impeller: 6 full I_ack_, 8 _ong i:mrtlals, 12 short partlall 6322 rpm, Pa_l.81x10 s per Inch

]Ei'CJ8 STDIP-+J'AC8CC_[+OP-+_ID_Y _'I+A_C I_I_T._IP,_ (30)+_F._]_5Ol'sr_VIvi[-__A_I. O ATA

Pressure

w

[_lrxp_r Im eol.
.... (_omputatf_n I

_ l 2 _ l "2"'12 2"12 1 "2l_2, 21_: " I I "

_'" ! i i ! r l , i i i
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ParallelImplementationof IN53D

MPI coarse grain + Op_]MP _ne grain _

24 zones / 2.8 _fiUion points

_ _ _ __ __l_ _ __ _ _ _l" _ _ _ _

[ _1 ! _ , I _'o_.' i i FI! ' I

I t Iii_ , _,_klli , I

4 6 10 2O 3Q 4O IO0

Number of CIaUa

TEST CASE : SSM_ ].mpeller

60 zones / 19.2 Million points

Q 10 20 3040 100 200 _00

Number of CPUs

Parallel Implementation of IN53D

Mult;-Leve! ParatlelJs_ (MLP)

IN_3D-MLP : MLP routines + OpenMP

Shared Memory MLP Orgenlzaffon for Origin 2000

MLP Pr(w.e._ 1

Common/',oca# n,_D

IMff_P_2

Common/_ca# _,l_b

Common/g;obaU x,y,z
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Parallel Implementation of INS3D

INS3D-MLP (NAS MLP no pin-to-node) J TEST CASE : SSME Impeller

[ _ [l 60 zones / 19.2 lVIilUon points

1Q .,in '_, 4o 't_ _ _ _0 _10 40 100 200 _00

Number of CPUs Number M CPU=

5pace Shuttle Main Engine Turbopump
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High-fidcJi,'y Simulation of 2_ 6en RLV Turbopump

Znkrr 6dde Vcuwe
15 Bkldel
25 Zams

6._ M f_Irml

• Major Technical Ieeues
- Pump codes exist, mostly in rotational

frame of reference, foe quick design
anal_is

- Fully 3-D, transient cappb, ility iJ needed
to advance pump technology

To make a timely impact on turbopump
_ems developmen÷, wall-clock time
from CAD to solution has to be short

enough for design evaluation

CFD Need
Rapid grid generation

Accelerated solution time

(parallel implementation)

Large date _t m_nogement in multiple
=iteJ (tran_mi_ion and storage)

Feature extraction tool

Shuttle Upgrade 55ME-rig!

_ _ l_l _ _*L_ _ .... ._

Id-cle

Impeller Grid :

60 Zones / 19.2 Million Grid Points

Smallest zone : 75K P_.argest zone : 986K

Less than 192 orphen points.

Hub zr4d
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Scripting for Acceleration of Grid Generation

INLET GUIDE VANES AND DIFFUSER

Old IGV New IGV Old DIFF New DIFF

No. of points (million) 7.1 1.1 8.0 1.8

Time to build 1/2 day 10 sec. 112 day 8 sec.

Script timings on new grids based on SGI R12k 300MHz processor

Time to build script= 1 day for IGV, 1 day for DIFF

Parallel Implementation of IN53D

INS3D-MLP 1 40 Groups
RLV 2_ Gen Turbo pump

114 Zones / 34.3 M g_:id points

--_-_'-_-I- --_ :_3N poi_ I-
_ .o ,=_,_?i .... _-l_r_o_nl-

.o _l_- ___p_o r

_= _- ! i'_j"_, u "_ I _ P /

| r t,l _,_,.

ioo _ ............ _.... 7._,.................. _ .....

I:-:::::::::::::::::::::::::: __::_-:I__::
4O 100 2OO _00

Per prooeasor Mflop is
betw_n i_0-70.

Oode optimization for
cache based platform
is currently underway.
Target Mflops Is to
reaoh 120 per

prooeasor.
Inoreaslng number of
OpenMP threads is also
the main objective for
this effort.

Number 0t CPUs
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55ME-ri91 / Initial start

Tirnc Step 18: Impeller rotated 8-de_ree_ a+ 100% of design speed

i/_,_i.¸

l_ _ _

PRESSURE VELOCITY MAGNITUDE

55ME-rig1 / Initial start

After 2 1/2 rotation;

Particle Tra_es and Pressure

• Status

- 34.3 Million Point_

- 400 physical time _eps in one rotation.

- One physical tin_-st_p _uire_ less then
12 minutes wall time with 128 CPU's on

Origin platforms. One complete ro_atian
requires 3.5-deys wall-ciock time with

128 proces._rs dedicated to the _a_k.
- I/O and memory management are critical

for wall-clock time reduction

• I==ue= / Nced_

- In reality, more than 10"/, of t_
supercomputing facility to one to_k i_ not

al_aye practical,
- Need lOOx bigger _upernode or use lower-

fidelity method

- Communication to/_vam designers and
experimental group i_ a part o_ critical

technologie_ (in Grid computing)
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Outline of Talk

• Introduction / Motivation
• Mechanical Heart A_ist Devices

Computational _ and Requirements
PuL_atile Device

_xlalFlaw Pump
• Computational Technology for Rocket Pump

Flow Solver Development
Flow Simulation Procedure for Rocket Pump

• Computational Approach for VAD

Development

Application to Blood Pump Design

• Summery and Discussion

Example of Pulsatile Pump

• Penn-State Artificial Heart

Chimera Grid for moving component8

ComputationalGrid

+_*:_

This ond _ _ Nrl flPl_ PelXx_ml by KIPls el'. al In 1991:
"COmlm_tlon of ImompPm_bk Ylmo_l l'lom thpoulfl Avtlflclol Heom' l)evlm wlth Mov1_ bomdoHe_,"
I%_. Am_Icon Mothen_tl_ol Sode_y SummeP lle_h on lllofluld l)ynond_l C_n%Pen_,
_Tuly6-IZ, I_9_, Seattle, WA
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Example of Pulsatiie Pump

• Penn-State Artificial Heart

Analysi= of time _t_nda_r_ at_ta _ an

ParticleTrace Colored by V_ity Magnit_lo

Schematic of beBakey VAD TM

/

/

DeBakcy VAD TM
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DeBakey VAD TM Pump 5chee_tic @

BLOOD

FLOW

VAD BEARINGS

ZIRCONIA SHAFTS IN OLIV_

RINGS, AGAINST SAPPHIRB HNDSTOIqES

MOTOR STAT OK

Issues in Axial "FlowVAD

• Problems Related to Fluid Dynamics
- Small size requires high rotational speed
Highly efficient pump design required

-High shear regions in fhe pump may cause excessive blood
cell damage
Minimize high shear regions

-Local regions of recirculation may cause blood clotting
Good wall washing necessary

_Small size and delicate operating conditions make it difficult
to quantify the flow characteristics experimental_
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DeBakey VAD Development _meline

• Baseline Design

1984 - NASA John=on 5pa=e Center's David Saucier I_._jin= initial design
work on axial pump VAD with Dr. DeBakey

1988 - NASA/J$C and Baylor College of Medicine sign_ Memorandum of
Understandin 9 to develop the DeBakey VAD

t992 - NASA/J$C be_jin_ funding the project

NASA/beBakey VAD (Baseline Design )

NASA/DeBakey Axial Flow VAD Impeller
Zone 1:101 x 39 x 33

Z<me 2:101 x 39 x 33

2"¢:_..,', : 59 x 21 x 7

Zone 4 : 47x21 x7

Zo,_e5 : 59x21x 7

Computational Grid

Rotational Speed ."] 2, 600 RPM
Flow Rate : 5 lit/rain
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NASA/DeBakey VAD (Baseline Design )

Flow Pattern Near Suction and Pressure Sides of Full Blade

Design 1 Tip Clearance : 0.009 in.

Traces Colored by Axial Velocity Magnitude
I Ill ._i _IiI1_'!

-0,690 -0.365 -0.040 0.285 0,610

Rotational Speed : ]2,600 RPM Flow Rate : 5 lit/min

DeBakey VAD Development Timeline

• CFD Assisted Design
1993 - NASA�ARC is asked to de_k_p CFD procedure to impro_ design and

performance. D. Kwak and C. Klrla visit JSC to study the device

The technology developed for rocket engine such _ the Space 5hurtle
main engine wc_ to be extended to blood flo_ simulation

1994- KlrJa and Kwk begin work on
cle_lgn amtysis using NA$
_q_ercomputer_

-_ NEW DESIGN WAS PROPOSED TO

I_O.UDE AN INDUCER BETWEEN

THE FLOW STRAIGHTNER AND
THE IMPELLER

_7 _ IJ

Particle Traces Colored by Velocity Magnitude
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,___ DeBakcy VAD Development Timeline

• CFD Assisted Design
1994 -Kirls and K_k continued design change_

IMPROVE BEARING, HUB AND HUB EX'I-I_ISION DE.SIGN TO REDUCE BLOOD O.OI-I'ING

Bearing, Optimization

Baseline

Design

DeBakey VAD Development Timeline

• Animal Te_s

1995 - Animal Impkantationl pas_ed two-w_nk requirements

1996 - Fulll de_l_n rights are granted to Mieroh_d, Inc. to produce the pump

Began using bio-compatible titanium replacing polycerbonate

1997 - Configuration design finalized
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CFD Contributions to VAD Design

CFDContributionsToDesign
ANT[-THROMBOGENIC

FRONT HUB AREA

INDUCER ADDITION

_ Inlet Cannula Study

Tin_-del_ndent inflow flow Pate is used in the elbow I_rametric study
Grid si=e 81x41x41:136,161 points,

l _ ! ! ; i

i

_._; t/'r - 0.9

_,__Y:?

_i_iiiiiiiiiiill'

_ l l

23



DeBakey VAD

24.



DeBakey VAD - In situ

DeBakey VAD Development Timeline

• HumanImplantation in Europe

1998 - On November 13, 1998, the fi_t six DeBakey VADs are implanted in
European patients by Roland I-letzer and DeBakey at the German
Heart Institut_ mc k_ll_ One of the patients, fffty six year o/d Josef
Pri_mv, L_able to return home and spend Christmas with himwife after
a manth'_ stay for recovery and monitoring at the clinic
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NASA/DeBakey VAD- Patient Pictures

A _m_._zm ;- Mmfi_ f, dl.v mobtlm _
The _ pa/_._ _ Ho_ b_ w'l_ D_. DeB_key

NASA/DeBakey VAD- Patient Pictures

A i_Jk,_ in ]_d_, o_ _,m d_R,e day
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NASA/DeBakcy MAD
Accomplishments to date (7/1/0t)

120÷ patients implantod
Number of patient= currently onc3oingwith device

U5 trial
Approved for 20 patients (14 mole, 6 female) in a multi-c¢ntcr trial

European trial
Reccivad "CE mark" (tl_ BU equivalent to FDA approval)

R_ults to date
Favorable compared to existing VAD_

5mall incidence of thrombus is being in_._tlgate._l
= Further computational tupport is e+sential

+Summaryand Discussion-1

Computational approach provides
- a possibility ofquan+ifyin 9 the flow characteristics; e_e.c+ally valuable,

for analyzin 9 compaat design with highly _nsitiw operating conditions

- a tool for conceptual design and for design op+imi=otion

CFD + rocket engine technology ha= be+n applied
- to modify tl_ _e_h3n of NASA/t_I<_/VAD which enabled human

implantation

Camputin 9 rcquircrr_nt i= =+ill larc3¢
- Unst+ody analysis of tl_ entire +yrPcm from natural heart to aorta

Involves _verol hundred revalutlan_ of the impeller

- During on heart beat, imp+ller has 125 r+volutiona

- With 1024 procommrs of Origin, one simulation (with sevarol heart beat)
from heart to aorta con be complcte_l in months
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Summary and Discussion-2

Further study is nccdcd
- to ac_eu Ion9 term iml_©t of mechanical VAD on human body, which

_.quircs modalin 9 flexible wall and non-Ncwtonian effect and
ttcr down_rcam boundary condition_

There ¢xict =omc gap: bct_¢n
- CFD (auuming IT i8 a part of CFD appllcatiora) and

biomadical experti=¢
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